Introduction
V ascular smooth muscle cells (vSMCs) regulate the vasomotor tone of blood vessels by virtue of their contractile function. However, given the need for long-term adaptation through structural remodeling in pregnancy, exercise, or vascular injury, vSMCs retain the ability to undergo modulation in their phenotypic continuum. This continuum ranges from a mature contractile state to a proliferative, secretory state; these states differ in the expression of vSMC-restricted contractile protein genes, which strikingly contain the conserved CArG box DNA sequences within their promoters. [1] [2] [3] vSMC differentiation is modulated by a complex array of microenvironmental cues, which include the biochemical milieu of the cells and the architecture and stiffness of the extracellular matrix (ECM). It is known that ECM proteins such as elastin and collagen, comprising the bulk of the ECM of the tunica media, present a nanoscale architecture, 4 that can potentially control the polarization of vSMCs in the artery. While there is some debate on the specific orientation of vSMCs in the arterial wall, 5 it is clear that vSMCs and the ECM collagen and elastin have a directional organization. 6 Nano-sized features are known to topographically regulate the anisotropy of resident cells, regulating cell polarization, cytoskeletal alignment, 7 and even altering the nuclear architecture. 8 This is in stark contrast to the randomness in orientation presented by vSMCs cultured on traditional tissue culture substrata. Thus, the rationale for nanopatterning the soft and stiff substrata was borne out of the desire to enhance the biomimetic properties of the substrata, specifically to mimic the topography of the native basement membrane. 7, 9, 10 Surface topographies have been demonstrated to have an effect in a wide range of mammalian cells, tabulated in Bettinger et al. 11 This is because cells themselves are known to form focal adhesions, which are in the 1-10 mm range, 12 with nascent focal adhesions involved in complex mechanical interactions, being significantly smaller. 13, 14 Thus, feature sizes on substrata that are commensurate with the size of these focal complexes can potentially evoke cellsubstrata adhesive signals of the desired condition of the engineered tissue, be it healthy, diseased, aging, or postinjury remodeling tissue. Contact guidance describes the phenomenon by which cells recognize and respond to altered extracellular topography by changing their morphology, orientation, and behavior, resulting in altered signaling events. In fact, it has been demonstrated in our previous studies that optimal contact guidance, modulated by the substratum's engineered architecture, resulted in focal adhesion formation predominantly at the cell-groove interface of the topographical ridges, 15 which could be useful in engineering myocardial tissue. 16 Our prior work has demonstrated our ability to fabricate nanotopographically controlled systems with high fidelity. Of specific relevance to this work are anisotropicallynanofabricated substrata (ANFS), as opposed to randomly oriented nanoscale cues, which afford anisotropic nanotopographic stimuli for modulating cell signaling and function. 15, 17, 18 The ability to design and fabricate synthetic tissue scaffolds that can recapitulate the multiscale cellmatrix connections in vivo can (i) result in more biomimetic constructs for tissue repair and reconstruction, and (ii) create testbeds to perform molecular engineering and testing in more physiologically relevant platforms. This ability to alter the nanotopography of the fabricated surfaces, coupled with the integration of these surfaces with conventional multiwell plates, as in the current study, or in microfluidic platforms, [19] [20] [21] serves as an enabling tool for the development of nanolithography-based devices for multiscale, multipleinput, spatial control of cell homeostasis and function. While probing the ability of cells to respond to contact guidance has gained traction, 15, 17, 22 the mechanisms and pathophysiological consequences of such cues in various cell types are still under scrutiny. It is well recognized, however, that by adding nanoscale topography to 2D substrata, one can recreate some of the complexity of 3D microenvironments while retaining the convenience of working in 2D.
To make the combinatorial testing of cell function robust in this study, we have simultaneously altered the stiffness of the nanopatterned polymeric substrata to mimic the stiffness of soft tissue. In cellular mechanotransduction studies, polyacrylamide and gelatin gels have been widely used to alter the stiffness of the substratum. 23 However, it has been noted in the literature that the elastic moduli and interfacial tension of the substratum set the resolution limit for molding well-defined microscale structures with the complexity of native tissues. 24 Thus, our goal was to imprint anisotropic topographic features of the nanometer scale with high fidelity on mechanically compliant biocompatible surfaces. With this in mind, we designed and fabricated polyurethane (PU)-based ANFS of 800_800_600 nm (ridge width_groove width_ridge height) pattern and of differential stiffness, specifically, one with a healthy medial tissue-like elastic modulus of 11 MPa 25 and, another, with a higher elastic modulus of 1.1 GPa to study the synergistic effects of substratum nanotopography and stiffness on vSMC behavior. We fabricated control unpatterned (topographically flat) substrata and nanopatterned surfaces, and examined vSMC behavior on these engineered surfaces. Specifically, we were interested in studying (i) the differentiation state of the vSMCs driven by altered transcription of vSMC-restricted contractile protein genes, 2 (ii) the activation state of the cells using markers known to be upregulated in atherosclerosis, 26 and (iii) the actin cytoskeletal changes potentially driving the mechanical plasticity of vSMCs. 27 The results presented in this study point to our ability to mimic native matrix microenvironments while deconstructing the complexity of the cellular extracellular matrices. Using a novel nanofabrication technology gaining traction in regenerative medicine, namely, UV-assisted capillary force lithography (CFL), we fabricated ANFS of different stiffnesses. We then cultured a monolayer of vSMCs to form a complete smooth muscle layer and found that vSMC phenotypic modulation was regulated by the nanotopography of the substrata, and that nanopatterning the substrata also attenuated inflammatory gene expression. Importantly, we mimicked the smooth muscle layers present in vivo by ensuring the completeness of the cultured vSMC layer prior to conducting downstream studies. Since cell-cell interactions exert a strong influence on cell morphology in a substratum stiffness-dependent manner, 28 it is possible that effects of the differences in substrata would be more dramatic in vSMCs in a sub-confluent muscle layer. However, since our goal was to study the effect of micromechanical properties of the substrata in an in vivolike setting, our studies were carried out in the presence of extensive cell-cell contacts and, essentially, modulated by the cell-deposited ECM. 29 
Materials and Methods

Fabrication of the poly(urethane acrylate) mold
Silicon wafers with 800_800 nm nanogroove features were fabricated by a micro-stamping method as described in Kim et al. 17 Briefly, this involved spin-coating the silicon wafers with a photoresist (Shipley), patterning via electronbeam lithography ( JBX-9300FS, JEOL), photoresist development (MF320, Shipley) and deep reactive ion etching of exposed silicon, removal of the remaining photoresist, and finally, dicing into silicon masters for subsequent replica molding. These etched features on the silicon masters were then transferred to poly(urethane acrylate) (PUA) molds (*50 mm thickness) on polyester film for the fabrication of nanopatterned PUA substrata by a UV-assisted nanomolding method used previously 17, 18 (Fig. 1A) .
Fabrication of unpatterned and nanopatterned PUA substrata using UV-assisted CFL Glass coverslips were first rinsed in isopropyl alcohol in a sonicated bath at 35°C for 20 min and blow-dried. The coverslips were then oxygen-plasma treated for 5 min. Adhesion promoter (Minuta) was applied to the glass coverslips by FIG. 1. Fabrication and characterization of large-area, anisotropically-nanofabricated substrata (ANFS). (A) Schematic for UV-assisted capillary force lithography (CFL) used to fabricate nanopatterned substrata. Scanning electron microscope image with atomic force microscope image inset demonstrating the generation of nanogrooves using the method on (B) 11 MPa (NOA73) substrata and (C) 1.1 GPa (NOA83H) substrata. Substrata of both stiffnesses featured the same topographical dimensions of 800_800_600 nm (ridge width_groove width_ridge height). Scale bars: 5 mm. PUA, poly(urethane acrylate).
FIG. 2.
Morphology and orientation of human umbilical artery smooth muscle cells on engineered substrata. (A) Representative images demonstrating the morphology and orientation of the cells cultured and differentiated using smooth muscle differentiation supplement (SMDS)-supplemented vascular smooth muscle cell (vSMC) culture medium on different substrata, unpatterned or ANFS. Scale bar: 20 mm. (B) Depictions of cell orientation on the unpatterned and nanopatterned surfaces, the cells are clearly more directionally polarized on ANFS. n = 100 (cells) for each condition. Statistically significant difference between nanopatterned and unpatterned substrata ( p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other substrata-type combinations, the identical signage indicates statistically significant difference for that pair. (C) Elliptical form factor (EFF) determinations indicated that vSMCs on unpatterned substrata were shorter and wider than the vSMCs cultured on ANFS; shape factor determinations indicated that the vSMCs on the stiffer ANFS were less circular than on the softer ANFS ( p < 0.05).
spin-coating at 2000 rpm for 20 s. Once spin-coated, the coverslips were baked at 65°C for 20 min. Then PUAbased polymers of commercially characterized stiffness, 11 MPa (NOA73) and 1.1 GPa (NOA83H) (Norland Products, Inc.), were drop dispensed on the coverslips. Nanopatterned NOA substrata of higher and lower stiffnesses were fabricated from the PUA copy of the nanogroove features. The patterns were UV cured using a wavelength of 365 nm for 60 s. After polymerization, the PUA nanogrooved master was removed. The substrata were then exposed to UV overnight for sterilization and to complete the curing process. This resulted in the formation of ANFS. Unpatterned surfaces were fabricated from flat polyester films instead of the PUA copy of the nanogrooved surface. These substrata were then glued to multi-well plates (MatTek Corp) for cell culture and analyses.
Scanning electron microscopy
For examining and verifying the topography of the ANFS, samples were sputter-coated with an *10 nm thick layer of Au/Pd alloy and were imaged with an accelerating voltage of 5 kV using a scanning electron microscope (SEM; Sirion, FEI). Both top-view and cross-sectional SEM images were taken.
Atomic force microscopy
The ANFS features were also examined using an atomic force microscope (AFM, Dimension 3100; Veeco) in tapping mode with a NanoProbe OTESPA (Silicon) tip. Analysis was conducted with an AS-12VMF (EV) scanner with a lateral (X-Y) range of 10 · 10 mm and a vertical (Z) range of 2.5 mm. The images were obtained with a scan rate of 0.996 Hz and a sampling resolution of 512 lines · 512 pixels per line. The best resolution was acquired by setting the peak amplitude to 1.541 V and by modulating the proportional and integral gains to 0.400 and 0.200, respectively.
Cell culture, seeding, and stimulation of vSMC differentiation Human umbilical artery smooth muscle cells (#CC-2579; Lonza) were maintained in MCDB-131 media supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% l-glutamine. Prior to seeding cells, the substrata were incubated overnight in complete (10%) serum medium to deposit a layer of blood proteins as would happen after the deployment of a vascular device or implant. Next, seeding of a near-confluent density of cells was done and then allowed to get fully confluent and kept for another 24 h to facilitate the formation of an in situ generated ECM. 29 This was done to more closely replicate the functionality of a vascular smooth muscle layer. For differentiation of vSMCs, differentiation media containing a smooth muscle differentiation supplement (SMDS) comprising of 1% FBS and 30 mg/mL heparin (heparin sodium; Sigma) was used. All media supplements were obtained from Life Technologies, unless otherwise specified. All downstream analyses were done 48 h after the addition of the differentiation treatments to ensure sample to sample reproducibility and to allow enough time for the altered transcription of differentiation-related genes in vSMCs as a result of the treatment.
Cell alignment and cell shape analysis
For determination of alignment and morphology, cells were treated with the differentiation media and cultured for 2 days on the different substrata prior to imaging. A minimum of 10 randomly selected areas (10 · objective, Zeiss Axio Observer fluorescence microscope) in 10 images for each group were analyzed. Analysis was done via computerassisted morphometry (Metamorph 7.0; Molecular Devices) or ImageJ. Measurements were made of the elliptical form factor (EFF; defined as the major axis divided by minor axis) and shape factor (defined as 4pA/P 2 , where P is the perimeter and A is the area of the cell). This was done to check whether the nanopatterning resulted in more directionally polarized and elongated cells. In addition, cell alignment was measured using ImageJ, with the direction of the nanogrooves as the reference frame, which was set as the y-axis. With the freehand selections mode, the cells were circled and then analyzed using the analyze tool in ImageJ. Excel was used to analyze the exported data and then generate the cell alignment histograms.
Immunocytochemical staining for F-actin stress fibers
For determination of cytoskeletal orientation, cells were seeded at densities of 8 · 10 4 cells/cm 2 and maintained in a proliferative medium. Confluent cultures were differentiated using SMDS-containing differentiation medium. Forty-eight hours after culture, cultures were washed with phosphatebuffered saline (PBS), fixed with 4% paraformaldehyde for 20 min, followed by permeabilization with 0.2% Triton-X for *10 min at room temperature. The cultures were then blocked with 5% FBS in PBS for 1 h at room temperature. Alexa Fluor 594-labeled phalloidin conjugate was used for staining F-actin stress fibers. After extensive PBS washes, the cultures were mounted in antifade medium (Vector Labs) and imaged using a Zeiss fluorescent microscope. Next, quantitative analysis of F-actin stress fiber alignment was performed by using the gradient orientation approach implemented in Matlab (Mathworks) as previously described in Cho et al. 30 Briefly, for pixel gradient analysis, Gaussian low pass filter and Sobel horizontal edge-emphasize filter (predefined in Matlab Image Analysis Toolbox) were used to implement a two-dimensional convolution. After transposing the Sobel filter to extract the vertical edges, both the horizontal and vertical edges were combined to calculate the gradient magnitude of each pixel in the image. Followed by thresholding the gradient magnitude to determine the contours of the area of interest, the gradient orientation was calculated by determining the angle of the gradient with respect to the x-axis.
Gene expression analysis
Following differentiation treatments, as described above, mRNA was isolated from vSMC cultures using the RNAeasy Kit (Qiagen). The cDNA were obtained using the TaqMan cDNA Reverse Transcription Kit (Life Technologies). Realtime polymerase chain reaction (PCR) was performed using the ViiAÔ 7 Real-Time PCR System (Applied Biosystems) using a SYBR Green Master Mix (Life Technologies). All PCR results were normalized to the expression levels of GAPDH prior to further analysis. The custom-synthesized primer pairs (Sigma) used for real-time reverse transcription-2118 CHATERJI ET AL.
PCR are listed in Supplementary Table S1 (Supplementary Data are available online at www.liebertpub.com/tea).
Statistical analysis
All results are shown as mean -standard error of the mean. A two-tailed Student's t-test was used to make comparisons in data with only two groups with p < 0.05 counted as statistically significant. ANOVA was used for multiple comparisons and Tukey's post hoc testing was used to assess differences between groups. Statistically significant difference between nanopatterned and unpatterned substrata (p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other substrata-type combinations, the identical signage indicates statistically significant difference for that pair.
Results
Nanopatterned and unpatterned PUA substrata with different elastic moduli
The difference in the material properties of the four different fabricated substrata allowed us to investigate the effect of different surface nanotopography and matrix stiffness on vSMC behavior. The Young's modulus was around 11 MPa for the softer substrata and around 1.1 GPa for the stiffer substrata and from now on will be referred to as ''soft'' (for 11 MPa) and ''stiff'' (for 1.1 GPa). SEM and AFM confirmed the presence of nanopatterning with the 800 nm groove dimensions on a large area ( > 1 · 1 mm), commensurate with the size scale of individual focal adhesions (*1 mm) and scalable to large areas for tissue-scale engineering (Fig. 1B, C) . Average groove width and average groove depth were identical for both the soft and stiff ANFS, confirming that the polymer stiffness had no effect on maintaining feature fidelity. Relative to other methods used to create nanopatterned substrata, UV-assisted CFL afforded a way to create the nanopatterning in a fast and cost-effective manner with high pattern fidelity and physical integrity on biocompatible PUA substrata. Our nanopatterning was inspired by the fact that individual collagen fibers tend to have feature sizes around 150 nm, and, therefore, actual collagen fiber bundles that native cells populate have feature sizes of *550-900 nm, varying to some extent in different tissue types. 31 To the best of our knowledge, this is the first study enabling the appreciation of the synergistic effects of altered nanotopography and material elasticity on vSMC behavior.
Analysis of cell elongation and polarization on nanopatterned substrata
Using the mechanically distinct substrata, we analyzed cell shape ( Fig. 2A) and alignment relative to the nanogrooves (for the nanopatterned substrata) and relative to the y-axis (for the unpatterned substrata) (Fig. 2B) . vSMCs cultured on the nanopatterned substrata were longer (higher EFF) than those cultured on the unpatterned substrata (Fig. 2C) . In addition, cell shape appeared to be more sensitive to the nanopatterning on the stiff substrata compared with the soft substrata, with the nanopatterning on the stiff substrata presumably   FIG. 3 . Real-time polymerase chain reaction (PCR) analyses of various vSMC differentiation-related markers when cultured on the different substrata. Interestingly, for the intermediate filament-related markers calponin and desmin and for the smooth muscle-specific cytoskeletal protein smoothelin, soft ANFS resulted in statistically higher gene expression. This highlights the synergetic effects of substratum nanotopography and elasticity on vSMC differentiation, with ANFS resulting in a more profound effect on vSMC-restricted contractile protein marker genes. Interestingly, for the less stringent marker smooth muscle a-actin (a-SMA) (also found in myofibroblasts), there was no statistical difference between soft and stiff ANFS. For tropomyosin, found to be erratically upregulated in hypertension, stiff ANFS expressed statistically higher levels. Statistically significant difference between nanopatterned and unpatterned substrata ( p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other substrata-type combinations, the identical signage indicates statistically significant difference for that pair.
triggering vSMC ''mechanical plasticity.'' 27 In contrast, the vSMCs clearly aligned better on the soft substrata with imprinted nanogrooves relative to the stiff substrata.
Analysis of vSMC differentiation on differentially engineered substrata
Since the expression of multiple vSMC-specific differentiation markers can attest to the phenotype of vSMCs, we tested the synergetic effect of engineered nanotopography and stiffness on the gene expression of multiple markers. Nanopatterning the substrata resulted in increase in calponin gene expression, with the expression of calponin being higher in the case of vSMCs cultured on the soft ANFS than on the stiff ANFS (Fig. 3A) , highlighting the beneficial effect of physiologically relevant compliance and of nanopatterning the substratum. In addition, nanopatterning the stiff substratum resulted in higher smooth muscle a-actin (a-SMA) gene expression relative to the unpatterned stiff substratum (Fig.  3B ), indicating that even in the absence of an optimally stiff substratum, patterning the substratum could enhance vSMC contractility. Further, desmin was also upregulated on the soft ANFS (Fig. 3C) , and was significantly lowered on the stiff substratum even when nanopatterned. While desmin is an early marker of muscle cell differentiation, the presence of desmin in vSMCs indicates high functional activity since it links myofibrils to the cell membrane. 32 Desmin has been found greatly diminished in vascular lesions such as in a pig model of directional atherectomy. 33 In addition, the levels of tropomyosin-1 were higher on the nanopatterned substrata relative to the unpatterned substrata (Fig. 3D) . While tropomyosin-1 is an established marker for vSMC phenotype, erratic levels of this marker have been associated with hypertension in some tissues. 34 Finally, given that smoothelin is a very sensitive marker for vSMC differentiation, 35 we also tested the synergistic effect of nanopatterning and stiffness on smoothelin gene expression. While the nanopatterning did not statistically alter the expression of smoothelin individually for the unpatterned and patterned substrata, the soft ANFS had statistically higher smoothelin expression relative to the stiff ANFS (Fig. 3E) . Since smoothelin has been exclusively found in fully differentiated vSMCs and is absent in myofibroblasts, the upregulation of smoothelin in vSMCs cultured on soft ANFS is particularly interesting. Overall, our findings illustrated the synergetic effect of anisotropic nanopatterning and vascular tissue-like compliance of engineered PUA substrata, with ANFS specifically upregulating the expression of vSMC-restricted contractile protein genes.
Analysis of vSMC activation on the fabricated substrata
Nanopatterning the soft and stiff substrata decreased the gene expression of inflammatory mediators (Fig. 4) such as intercellular adhesion molecule-1 (ICAM-1), tissue factor, and interleukin-6 (IL-6). However, monocyte chemoattractant protein-1 (MCP-1 or CCL2) expression, known to be upregulated in hypertensive individuals, 36 remained high on nanopatterned stiff substrata. This indicated that a stiffer matrix may trigger the homing of inflammatory cells with the activation of the inflammatory NF-kB pathway. 37 
Analysis of the F-actin cytoskeleton of vSMCs on the substrata
The cytoskeletal F-actin stress fibers were clearly different for all four types of substrata (Fig. 5) , with the stress FIG. 4 . Real-time PCR analyses of various vSMC-secreted inflammatory markers when cultured on the different substrata. ANFS, for the most part, decreased the gene expression of inflammatory cytokines for both the soft and stiff substrata ( p < 0.05) and thus made ANFS more biomimetic. Notably, the levels of monocyte chemoattractant protein-1 (MCP-1) expression increased around twofold on stiff ANFS relative to soft ANFS. Statistically significant difference between nanopatterned and unpatterned substrata ( p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other substrata-type combinations, the identical signage indicates statistically significant difference for that pair.
fibers forming a diffuse meshwork of fibers on the unpatterned substrata. Further, the stress fibers were directionally aligned by the nanopatterning on both soft and stiff substrata and demonstrated a higher intensity on the nanopatterned stiff substrata. Given that the dynamic remodeling of the actin cytoskeleton plays a prominent role in vSMC proliferation and migration, 38 it follows from the altered F-actin cytoskeleton that the different substrata would confer different proliferative and migratory states to the vSMCs.
Potential mechanistic processes involved in cell-sensing of the substratum micromechanics
The Rho pathway has been implicated in the hypercontractility of vSMCs, which could result in vasospasms or hypertension, as reviewed in Refs. 39, 40 In addition, the Rho pathway has also been demonstrated to be involved in rigidity sensing and lineage commitment in stem cells. 41 Given that the vSMCs cultured on nanopatterned stiff substrata recapitulated some of the phenotypic characteristics of hypercontractile vSMCs, we explored the components of the Rho-ROCK pathway, specifically RhoA, ROCK1, and ROCK2 gene expression; ROCKs or Rho-associated kinases being the immediate downstream targets of RhoA. 42 As per our prediction, we found statistically higher levels of RhoA, ROCK1, and ROCK2 in the vSMCs cultured on stiff ANFS (Fig. 6A-D) . Our hypothesis was based on the fact that vSMCs on stiff ANFS were longer, less circular, and contractile, expressing higher levels of a-SMA, tropomyosin, and F-actin stress fibers, and high levels of the inflammatory cytokine, MCP-1. This points to the possibility that stiffer substrata (such as conventional stents), when ''nanopatterned'' after in vivo deployment via the natural deposition of ECM proteins, could potentiate phenotypic switching (triggering mechanical plasticity 27 ) of vSMCs, especially in the case of deep medial injury, 43 or, in abnormally reactive smooth muscle tissue phenotype stemming from conditions such as diabetes. 44 This highlights the potential therapeutic benefit of ROCK-inhibitors, such as statins, prior to or post stent deployment. In fact, some of the pleiotropic effects of statins are now attributed to ROCK-inhibition. 45 We also found some of the downstream targets of the Rho-ROCK pathway to be upregulated, the gene expression of which have been well correlated with protein expression and their upregulation has been associated with the hypertensive vSMC phenotype in pulmonary vSMCs 46, 47 (Fig. 6E, F) . Thus, nanopatterning the stiff substrata appears to alter the Rho-ROCK-LIMK-cofilin pathway in vSMCs, which has been shown to modulate actin assembly in a variety of cell types. 48 We also found caveolin-1, expressed by plasma membrane invaginations (caveolae) and associated with the differentiated vSMC phenotype, 49 to be significantly upregulated in vSMCs on nanopatterned soft substrata (Fig. 6G) . Notably, caveolin-1 suppression has been associated with the proliferative airway smooth muscle phenotype. 50 Of particular relevance to this study is also the fact that caveolin-1 has been shown to confer cell polarity, 51 which makes our finding that caveolin-1 is upregulated in more polarized cells, specifically those on soft ANFS, interesting. Finally, we also found that the levels of profilin-2 were upregulated in cells on nanopatterned substrata (Fig. 6H) , profilin-2 being affiliated to the Rho pathway and capable of suppressing cell motility and invasiveness via an actomyosin contractilitydriven mechanism. 52 
Discussion
Cell adhesion to the ECM results in the clustering of cell surface receptors such as integrins and syndecans, 53 creating focal adhesion complexes that can actuate intracellular signaling conduits. 54 Engineering material surfaces that can crosstalk with these focal adhesion complexes at the same level of nanoscale granularity have been demonstrated to influence cell functions and have recently been probed at the single cell level by measuring the traction forces exerted by cells. 55 The blood vessel wall experiences progressive stiffening with age and disease, 56 which alters the micromechanical environment experienced by resident vSMCs forming the bulk of the vessel wall. In addition, the orientation and fibrillar geometry of collagen and elastin are subject to change with altered cardiac and, correspondingly, vascular function, 57 which can be replicated by nanopatterning the substratum. Further, nanopatterning also affords anisotropic elasticity to cultured cells, forcing cells to exert different traction forces along and perpendicular to the direction of the nanogrooves. 58 Here, the dimensions of the topographical features, generally inspired by the sizes of focal complexes, are also of significance. For example, in (1-4) is the same as in the other graphs, that is, (1) soft unpatterned, (2) soft ANFS, (3) stiff unpatterned, and (4) stiff ANFS. (E, F) LIM kinase 2 (LIMK2) and cofilin-2, both of which are downstream of RhoA, were significantly upregulated in vSMCs on stiff ANFS. Thus, given that the vSMCs on the stiff ANFS are longer (higher EFF), stain higher for F-actin stress fibers, express high levels of a-SMA and tropomyosin, and as seen in (G) have lowered levels of caveolin-1, it is probable that the phenotype of the vSMCs on the stiff ANFS is distinct from the others. (H) Profilin-2, which has been found to decrease invasiveness and migratory tendencies of cells, was higher in vSMCs cultured on ANFS. Statistically significant difference between nanopatterned and unpatterned substrata ( p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other substrata type combinations, the identical signage indicates statistically significant difference for that pair.
our own work, we found that while a 400_400 nm substratum resulted in incomplete cell protrusion into the nanogrooves, an 800_800 nm substratum resulted in more complete protrusion, indicating a more extensive cell-substratum adhesion surface. Further, we found that nanopatterning that was too dense (such as < 400 nm) or too sparse (such as > 1200 nm) led to situations in which the cell basically saw the substratum as flat. 15 While in vitro studies have shown that vSMCs are sensitive to substratum nanotopography 59 and stiffness, 60, 61 the synergetic response of matrix architecture and mechanics and the underlying molecular mechanisms modulating altered vSMC mechanotransduction pathways remain unknown.
In this article, we have demonstrated a simple, scalable, and highly reproducible lithographic technique, CFL, which can result in large-area nanopatterning of substrata of varying elastic moduli with high fidelity. Specifically, we demonstrated that altered vSMC phenotypic states can be catalyzed by simultaneously varying the nanotopography and stiffness of the substrata. In particular, nanopatterned substrata resulted in higher expression of vSMC-specific differentiation marker genes especially when the pattern was imprinted on soft substrata forming soft ANFS. Our studies used confluent vSMC densities to simulate a continuous layering of vSMCs and allowed the deposition of serum proteins before cell seeding to mimic the deposition of blood sera on a stent surface, for example, after deployment. In in vivo situations, a sub-confluent layer of cells could simulate a breached layer of cells where the cells would initially need to be proliferative. Then, once the voids are filled, these cells would transform to a mature phenotype as in the quiescent smooth muscle. Since the final goal of engineering the substrata would be to be able to integrate the tissue scaffold or device with the surrounding ECM, we were interested in gauging how the substratum could alter the phenotype of the vSMCs and result in altered inflammatory signatures in wound healing-like situations. Thus, we probed the inflammatory cytokines and cell adhesion markers (CAMs) expressed by vSMCs on the different substrata. Interestingly, while there was no statistical alteration in VCAM-1, ICAM-1 expression was significantly lower in vSMCs on soft and stiff ANFS. It has been demonstrated that ICAM-1 and VCAM-1 are both inducible in vSMCs by different inflammatory stimuli. For example, different inflammatory cytokines can invoke the increase in these CAMs differentially, potentially eliciting varied inflammatory signaling cascades. 62 Overall, it was clear that nanopatterning the substrata decreased inflammatory signals, other than MCP-1; the latter remained elevated even after nanopatterning the stiff substratum.
In conclusion, our data point to the ability of a soft ANFS to diminish the inflammatory response and facilitate vSMC differentiation upon implantation, as summarized in Figure 7 . The implantation of a vascular scaffold, especially with matrix-embedded vascular cells has been found to have marked therapeutic potential in the case of vascular   FIG. 7 . The phenotypic continuum demonstrated by vSMCs can be thought of as a function of both cytoskeletal remodeling (mechanical plasticity) and altered expression of vSMC-specific marker genes (phenotypic plasticity). The schematic presented here depicts the ability of matrix nanotopography (simulating matrix fibrils such as collagen and elastin) and stiffness (simulating the packing of the extracellular matrix proteins) to potentiate changes in smooth muscle function characterized by the more traditional, synthetic (proliferative), and contractile (mature differentiated) phenotypes, and the third, often overlooked, hypercontractile phenotype. Results presented in this study alluded to the possibility of conferring such a hypercontractile phenotype to the muscle cells when cultured on a stiff ANFS. This could be triggered by abnormal levels of Rho pathway effectors and cause diseased states found in hypertension or type II diabetes. ANFS refers to our ANFS using CFL.
lesions. 63 In such cases, our soft ANFS may be better poised to be a material of choice. Further, in the case of stenting devices that are known to trigger vascular lesions 64 and call upon the use of stiffer substrata for affording structural support, engineering the surface nanotopography can potentially improve the clinical outcomes. In this regard, CFL may pave the way to test a combinatorial library of nanopattern arrays with different topographical parameters to determine the best-suited topography for the desired outcome. In wound healing after vascular interventions, it may also be desirable to have a graded continuum of varying density of topographic features on the implant, as demonstrated in our innovative study using fibroblasts to mimic matrix remodeling in wound repair, 17 the spacing in the topographic features being determined by factors such as fluid flow dynamics 65 and the degree of plaque or thrombus formation 66 at the site of intervention. Finally, the higher expression of RhoA and downstream RhoA effectors by vSMCs cultured on stiff ANFS allude to the possibility that implants made of stiffer materials may drive vSMCs toward a hypercontractile phenotype. Such situations may not only call for the administration of ROCK-inhibitors 67 but also, in the first place, to engineer the nanotopography of the scaffold or device preventing or diminishing undesirable cellsubstratum interactions.
Collectively, this study provides insight into the mechanisms by which vSMCs respond to the matrix-modulated mechanical environment, recapitulating the architecture of the basement membrane underlying the smooth muscle layers. It also points to the importance of controlled topographical and micromechanical cues in vascular mechanotransduction studies. This study further presents a simple reproducible method to alter the nanotopography of the substrata using CFL that can be exploited to mimic nanostructural changes in collagen or elastin fibril architecture in disease, aging, or vascular remodeling.
